Refining of the solidification structure of Type 430 stainless steel by the electromagnetic stirring was studied. By the preliminary tests for small ingots, it was made clear that the following conditions must be satisfied for a preferably equiaxed solidification: 1) the formation of sufficient fragments of solidified steel which act as nuclei, and 2) the stability of nuclei in the molten pool.
Synopsis
Refining of the solidification structure of Type 430 stainless steel by the electromagnetic stirring was studied. By the preliminary tests for small ingots, it was made clear that the following conditions must be satisfied for a preferably equiaxed solidification: 1) the formation of sufficient fragments of solidified steel which act as nuclei, and 2) the stability of nuclei in the molten pool.
A pair of linear-motor type stirrers was set in the slab machine and Type 430 steels were treated by the electromagnetic stirring under various conditions of stirring powers, stirring modes and superheats of liquid steels. By controlling these conditions, the formation of equiaxed structure having the thickness more than 50 % of slab was realized and the ridging of cold sheet was improved.
I. Introduction
Casting of ferritic stainless steel by the continuous casting method is well-known to incur the development of strong columnar crystals which adversely affect the qualities of final products. Particularly, in the case of 17 % Cr stainless steel (Type 430 steel) for deep drawing use, the columnar crystals in the slab are retained as banded structures in the cold-rolled sheet and give rise to a surface defect called " ridging " during deep drawing."2) For continuous casting of Type 430 steel, therefore, the refining of solidification structures is necessary, and for this purpose a variety of methods have so far been tried. 3, 4) The authors have also studied the refining of solidification structures of Type 430 steel and reported the alloying method, the inoculation method and the vibration casting method in the previous papers.5,6> These methods, though they proved to be effective for the refining of solidification structures of Type 430 steel, were found either injurious to product qualities or restrictive in their applications under the continuous casting condition. Hence, the development of a new method suited for continuous casting was desired.
Basic experiments were then carried out on the electromagnetic stirring using small ingots in the laboratory, and the refining effect of this method was ascertained. Furthermore, the parameters required to produce sufficient equiaxed crystallization, were established using a full-scale electromagnetic stirrer installed on a slab continuous caster to cope with the ridging problem of Type 430 steel cold-rolled sheet.
II.
Basic Experiments Using 
Transactions ISIJ, Vol. 22, 1982 ference ingot for measuring the superheat of liquid steel in the mold. Because stirring was made in one direction continuously, the flow of liquid steel was a circulating one on a plane, and therefore, a rotating flow was observed on the surface of liquid steel in the mold for each electromagnetically stirred ingot. As to the stirring method, it would be a problem of applying it to a slab caster. For this reason, a test was carried out to examine the stirring methods for rectangular 300 kg ingots. As the electromagnetic stirrer, a linear motor (50 Hz, 7.5 kW, AC 200 V, 3 phases, 4 poles, 60 slots, 16 coil windings and 1.6 mm wire diameter) was fabricated. As shown in Fig. 2 , the test mold was made of Type 304 steel plates of 10 mm thick and its size was 510 mm wide, 220 mm thick and 350 mm high. Water-cooled copper pipes were placed between the mold and the linear motor. The linear motor arrangement and the stirring direction were changed in order to study the method of stirring, as shown in Fig. 3 . The test conditions are given in Table 2 . Like in the case of round ingot test, thermocouples were embedded in the bottoms of some ingots and the superheat of liquid steel was measured.
Experimental Results and Discussions
The longitudinal and transverse sections of each round 70 kg ingot were macroetched to see the effect of electromagnetic stirring on the solidification structure of steel. In each test, while every reference ingot had columnar crystals grown even in the center except the bottom, each electromagnetically stirred ingot showed a well-refined equiaxed structure inside except some columnar crystals in the surface layer. Equiaxed crystallization had progressed sufficiently independent of the stirring time and the electric current. The macrostructures of Test R3 ingots for which the time of stirring was the shortest, is shown in Photo. 1. Thus the refining effect of electromagnetic stirring on the solidification structure was remarkable. However, some growth of columnar crys- Fig. 4 . In order to clarify the relation between the electromagnetic stirring condition and its effect on the solidification structure, the ratio of the area of equiaxed zone to the total area of longitudinal section of ingot was measured and the result is shown in Fig. 5 . The ratio of the area of equiaxed zone well corresponds with start time of stirring. The largest ratio of the equiaxed zone was found on the ingot for which stirring was started immediately after the end of teeming. In finding the effect of stirring mode, the linear motor arrangement was changed. Type A in which a linear motor was mounted on the wide side of the mold, showed a significant refining effect of stirring on the solidification structure of ingot. Type C and Type D modes in which linear motors were arranged on the both wide sides of the mold, showed even greater effect.
On the other hand, the refining effect of stirring was extremely small in case of Type B mode in which stirring was conducted only on a narrow side of the mold.
It was generally recognized that the longer the stirring time is, the larger the ratio of the equiaxed zone in each stirring mode becomes.
As is evident in the macrostructure shown in Photo. 
Transactions ISIJ, Vol. 22, 1982 calculated from the solidification coefficient, K= 26 (min, mm), measured separately, was 0.72 min. Thus, it became clear that the start of equiaxed crystallization perfectly coincides with the disappearance of the superheat of liquid steel. This means that it is also important for the equiaxed crystallization by the electromagnetic stirring to reduce the superheat of liquid steel in the mold to nil in early stage of solidification. Through the basic experiment on the small ingots, the refining effect of electromagnetic stirring on the solidification structure of Type 430 steel was confirmed. The formation of a sufficient quantity of crystal nuclei, and the temperature condition of liquid steel suited for stable retention of crystal nuclei are necessary for sufficient equiaxed crystallization by the electromagnetic stirring.
Crystal nuclei can be assumed to be the tips of crystals fused off by the flow of liquid steel at the solidification interface. The stirring thrust and the flow rate of liquid steel in the above experiment are calculated from the stirring parameters. They are 3.0 mm Fe and 24 cm/ sec for a round ingot at a stirring current of 100 A, and 4.2 mm Fe and 29 cm/sec for Test S l2 rectangular ingot.
Ohno and Motegi reported that crystal nuclei for equiaxed crystallization tend to be formed near the meniscus.7~ If, however, an electromagnetic stirrer is installed near the meniscus of continuous casting strand, the problem of c.c. powder inclusion arises. In the basic experiment described above, the question where the crystal nuclei are formed was not clarified. In order to eliminate the effect of the formation of crystal nuclei near the meniscus, such a test as shown in Photo. 4 was carried out. In this test, a steel diaphragm was installed at the middle of the height of a round 70 kg ingot mold and a hole of 10 mm diameter was provided in the diaphragm at the position 25 mm apart from the mold wall. Then, Type 430 steel was bottom-poured, and at the conclusion of pouring, electromagnetic stirring was applied. As can be seen in the macrostructure of longitudinal section of the ingot, fine equiaxed crystals were formed at the lower part of the ingot similarly to the upper part. This proved that the formation of crystal nuclei by the flow of liquid steel occurs not only near meniscus but also at the solidification interface.
III. Application of Electromagnetic
Stirring to Slab Caster
Electromagnetic Stirrer
The effectiveness of electromagnetic stirring in the refining of solidification structure of Type 430 steel was confirmed by the basic experiment with small ingots, as discussed in the previous chapter, and in this experiment a stirring thrust of 3 to 4 mm Fe was found to be sufficient. It is necessary, however, to consider that the temperature condition for actual slab caster is severer than that for small test ingots as fresh liquid steel is continuously poured onto the surface of liquid steel and that the flow rate of liquid steel decreases somewhat because of the increased flatness of the cross section of slab.
In introducing an electromagnetic stirrer to the vertical type slab caster in Muroran Works, the above considerations were taken and for the purpose of improving the ridging problem of Type 430 steel, the aimed ratio of the equiaxed crystal zone was set at approximately 50 %. Therefore, a pair of linear motors was installed on each wide side of the slab in the secondary cooling zone at about 2.4 m below the top of the mold as shown in Fig. 7 . The electromagnetic stirrers and rolls near stirrers were made of non-magnetic materials to avoid the reduction of stirring thrust. The stirring thrust in the center of slab under the maximum electric current was approximately 65 mm Fe for a slab of 145 mm thick and 25 mm Fe for a slab of 215 mm thick.
Refining of the Solid cation Structure of Type 430 Steel
In order to clarify the effect of the electromagnetic stirring pattern, a test was conducted by setting two stirring directions opposite to each other (Type A), and by setting them in the same direction reversed every 10 sec (Type B). The test result for the slab of 145 mm thick is given in Fig. 8 . The refining effect of electromagnetic stirring is markedly greater by Type B than by Type A. Here, the ratio of the equiaxed zone is represented by the thickness of slab cross-section.
In the test using a low melting point alloy, the flow of metal was a circular one on a plane by Type A stirring, but the rate loss became larger with smaller slab thickness. In the case of Type B stirring, the metal flowed in the stirring direction and, as it hit the narrow side of the mold, turned into the vertical direction, forming a wide range of stirred metal in the vertical direction. If the interval between changes of stirring direction becomes longer, the stirring force becomes greater, but when it is excessively long, the ratio of the equiaxed zone becomes different over slab width. It was found that an interval time of 10 to 20 sec is optimum for alternating the stirring direction.
The relationship between the stirring strength and the ratio of the equiaxed zone is shown in Fig. 9 . Equiaxed crystallization progresses under relatively weak stirring, and afterwards with the increase of stirring strength the ratio of the equiaxed zone rises gradually. Photograph 5 gives the cross-sectional macrostructures of Type 430 steel slabs cast when liquid steel was superheated by 20 °C, showing that with an increase in the stirring strength the ratio of the equiaxed zone rises and the grains of equiaxed crystals become fine.
The relationship between the superheat of liquid steel and the ratio of the equiaxed zone of slabs cast under the electromagnetic stirring condition derived from the above study, is shown in Fig. 10 . If the superheat is less than 15 °C, the ratio of the equiaxed zone of slab without stirring is similar to that of the electromagnetically stirred slab. The effect of electromagnetic stirring became prominent for a superheat greater than 15 °C. Assuming that the aimed ratio of the equiaxed zone is 50 %, the target can be achieved by keeping the superheat of liquid steel less than 25 °C. Although lower superheat of liquid steel is advantageous for the equiaxed crystallization, the lower limit of superheat should be set at 15 °C because excessively low superheat increases slab defects due to non-metallic inclusions. Consequently, it is necessary for the equiaxed crystallization of continuously cast Type 430 steel by the electromagnetic stirring to control the superheat of liquid steel in the tundish between 15 °C and 25 °C.
The sensitivity of steel to the equiaxed solidification could differ with steel grade. Since the electromagnetic stirring is applied also to improve the center line segregation of high carbon steel slabs for machine structural use, a comparison was made between the ratios of the equiaxed zones in S45C steel and Type 430 steel slabs of 215 mm thick which were cast under the same electromagnetic stirring conditions. The result is given in Fig. 11 The authors observed the columnar crystals of Type 430 steel melted in the laboratory by various etching methods and investigated the distribution of P by EPMA. Typical result is shown in Photo. 6. Although some dendrites can be seen in the boundary region of columnar crystals, they are not found in columnar crystals. By the linear analysis of P, the dense and dilute pattern of P which corresponds to the dendrites is recognized in the boundary region of columnar crystals. On the other hand, P is uniformly distributed in columnar crystals. In the case of Type 430 steel, although some concentration of solute components occurs in the boundary region of columnar crystals leading to the formation of dendrites there, the formation of dendrites could not occur in columnar crystals. Hence, the difficulty of Type 430 steel in refining the structure by the electromagnetic stirring could be related to the quantity of dendrites at the solidification interface which should be fused off by the flow of liquid steel.
It is ascertained in the electromagnetic stirring test on small ingots and on the slab caster, however, that the refining of solidification structure of Type 430 steel can be realized by the application of sufficient stirring strength and the suitable temperature control of liquid steel.
Type 430 steel slabs continuously cast, were hotrolled into hot coils of 3.0 mm thick and were subjected to primary annealing at 850 °C for 4 hr in the practical process. These hot coils were rolled to cold sheets of 1.2 mm thick by a test cold rolling mill and were subjected to intermediate annealing at 820 °C for 10 min, and then cold-rolled to the sheets of 0.5 mm thick. After finish annealing at 820 °C for 10 min, the sheets were subjected to 20 % tensile tests in rolling direction for ridging assessment. As it is clear from the result shown in Fig. 12 , a distinct correlation exists between the ratios of the equiaxed zones of slabs and ridgings of cold sheets, and if the ratio of the equiaxed zone is kept over 50 %, the ridging height is below 50 pm. These ridging characteristics are equal or even superior to that of sheet rolled from ingot. 
I V. Conclusion
Experiments were conducted to study the effect of electromagnetic stirring on the improvement of the solidification structure of Type 430 steel for the purpose of applying the technique to the continuous casting of this steel.
At first, a basic experiment was carried out using round 70 kg and rectangular 300 kg ingots, and the effectiveness of electromagnetic stirring in refining the solidification structure of Type 430 steel was proved. It was also found that for the equiaxed crystallization by the electromagnetic stirring, 1) the formation of a sufficient quantity of crystal nuclei and 2) the temperature condition of liquid steel suited for stable retention of crytal nuclei are required.
Then, a pair of linear motor type stirrers were installed on a slab caster, and the stirring condition and the temperature condition of liquid steel necessary to form the equiaxed structure were studied. By setting the thrust of both stirrers in the same direction, alternating the direction every 10 sec, and controlling the superheat of liquid steel within 15 to 25 °C, the ratio of the equiaxed zone which is over 50 % was obtained.
As a result, the ridging characteristics of cold-rolled sheet of Type 430 steel were improved to a level equal or even superior to that of a sheet from the ingot casting process.
